The thermal denaturation of ribonuclease A has been studied by use of Fourier transform nuclear magnetic resonance by monitoring the imidazole C-2 proton resonances of the histidine residues as a function of temperature at pH 1.3. As the temperature is raised, a slow chemical exchange process results in the disappearance of the peaks corresponding to the native conformation and the appearance of a single peak corresponding to histidine in the denatured state. The disappearance of the native peaks is not simultaneous, implying that at least two regions of the molecule denature at different temperatures. Also, fast chemical exchange processes result in small chemical shifts that appear to be related to local conformational changes. The observed phenomena have been shown to be reversible by the measurement of absorbance at 278 nm, enzyme activity, and nuclear magnetic resonance spectroscopy. The results of this equilibrium study support a multistate denaturation mechanism for ribonuclease A at pH 1.3.
The denaturation of bovine pancreatic ribonuclease A (EC 2.7.7.16), for which the amino-acid sequence (1) and the three-dimensional structure in the solid state (2) are known, has been the subject of much study (3, 4) . The thermal denaturation in particular has been studied by a wide variety of techniques including circular dichroism (5), electron paramagnetic resonance of covalently bound spin labels (6) , the action of proteolytic enzymes on RNase A during the course of denaturation (7) , thermocalorimetry (8) , ultraviolet difference spectroscopy (9) , and temperature-jump and pHjump kinetic experiments (10) (11) (12) (13) .
A large body of data accumulated on the thermal denaturationl of RNase A at low pH was consistent with a two-state mechanism, except for one study of the slow stage (seconds) of the unfolding kinetics (14) . Recently, fast kinetic studies after tyrosine absorbance during temperature jumps have shown that there is an additional fast stage of the unfolding kinetics and provided evidence for the presence of intermediate, partly-folded states (10) . The apparent contradiction between previous equilibrium results and the fast kinetic studies could be explained in terms of a model of nucleationdependent sequential protein folding (15) .
We report here an equilibrium study using Fourier transform nuclear magnetic resonance (NMR) that, in contrast to previous equilibrium studies, appears Measurements of pH were made in the NMR tube with a Beckman model 76A pH meter equipped with a long, thin combination electrode (180 X 3 mm, Instrumentation Laboratory, Inc.). The temperature of the sample was maintained the same during pH measurement as during spectrum accumulation by rapid transferral of the sample from the probe to a constant-temperature bath. The pH was measured before and after each spectrum was obtained and the average value was reported. The pH readings usually differed by less than 0.03 pH unit, and a difference larger than 0.05 pH unit was considered unacceptable. All pH values quoted are meter readings uncorrected for the effect of D20.
RESULTS
The four histidine C-2 proton resonances of RNase A have been assigned to histidines 12, 48, 105, and 119 in the primary amino-acid sequence (20) . The chemical shifts of these protons reflect their electromagnetic environments and are a sensitive function of pH from pH 4 to 8 due to titration of an imidazole nitrogen. Since this study was performed at pH 1.3, a value below any previously studied (20, 21) , the pHtitration curves were extended to pH 1 in order to assign the resonances ( Fig. 1 ). Below pH 3 the imidazole rings of the four histidines are fully protonated. The small changes in the His 12, His 48, and His 105 shifts at low pH might be correlated with the appearance of a histidine resonance in a denatured environment and therefore reflect the acid denaturation process, which begins at about pH 3 at 37.5°. Fig. 2 shows a series of NMR spectra of the histidine region of the RNase A spectrum as a function of temperature at pH 1.3. A plot of the relative areas of the imidazole C-2 proton peaks is shown in Fig. 3 in electromagnetically identical environments in the denatured conformation.
A plot of chemical shift from external (Me3Si)20 as a function of temperature for the histidine C-2 proton peaks is shown in Fig. 4 The chemical shift of the composite C-2 proton peak in the denatured state is independent of temperature, a fact consistent with a stable denatured conformation. The chemical shift of the His 119 peak as a function of temperature demonstrates a biphasic behavior. From 100 to 30°it moves upfield; then from 300 to 400, where the area of the native peak decreases to zero, it shifts upfield at an increased rate. The temperature dependence of the shift of the His 48 peak appears monophasic over the entire temperature range from 100 to 400, with the peak moving downfield. The data shown in Fig. 4 for the overlapping His 12 and His 105 peaks were obtained by measurement of the shift of the composite resonance. The chemical shift displays a biphasic behavior with a break at about 30°. Close inspection of Fig. 2 shows that this peak undergoes a change in line width and line shape at higher temperatures. Initial attempts at fitting the NMR spectra with the computer program MODELAIDE suggest that the two resonances no longer overlap completely at higher temperatures.
Several studies were done to ensure that the experiments were performed under conditions where the denaturation is highly reversible. Measurements of optical absorbance at 278 nm and enzyme activity were performed on aliquots of the sample taken just before and after a series of NMR spectra were obtained. These measurements show that no appreciable loss either in concentration or activity occurred as a result of denaturation or subsequent renaturation. Complete reversibility is also observed with NMR spectroscopy. Comparison of spectra (data not shown) obtained at 35.9°d uring the unfolding and at 36.20 during the refolding shows no change in chemical shift, peak area, or line width for any of the imidazole C-2 proton peaks.
In order to minimize interference from the large H20 proton signal, this study was performed in D20. The crystal structure of RNase A has been found to be unchanged after exchangeable protons have been replaced by deuterium (22) , suggesting that the tertiary structure is the same in each case. The possibility of aggregation or other concentrationdependent effects must be considered. Under certain conditions of lyophilization, RNase A is known to aggregate; however, these aggregates can be converted to monomers by heating to 600 at neutral pH (16) . Thermal denaturation of a sample of RNase A that had been previously heated at 600 for 10 min at pH 6.5 gave the same results observed when a sample was denatured immediately after lyophilization.
In addition, NMR data were obtained for samples of RNase A concentrations of 10, 3, and 2 mM. Appreciable aggregation would be likely to affect the line width of the peaks, by analogy with a study of lysozyme, which shows broadening of peaks under conditions where aggregates are known to be present (23 NMR has been applied to the study of protein denaturation in several different ways. The most powerful approach has been the preparation of selectively deuterated analogues of staphylococcal nuclease. The observation of many specific residues during the alkaline denaturation was possible awld is the basis for the most detailed protein-denaturation mechanism proposed thus far (25) . In another approach, study of the peak areas of individual proton resonances characterized the acid denaturation of staphylococcal nuclease as involving detectable intermediates (26) .
The thermal denaturation of RNase A has been studied with NMR by following the center of gravity of a group of aromatic proton resonances (27) , by observing the entire proton spectrum at 220 MHz (28), by studying the histidine C-2 proton chemical shifts at pH 5.5 (29) , and by observing the carbon-13 spectrum of the native and heat-denatured protein (30) . In our work the single C-2 proton resonances of the four histidines in RNase A have been used to study the thermal denaturation at pH 1.3; this study has been greatly facilitated by the use of Fourier transform NMR, which allows the rapid collection of NMR data with sufficient sensitivity to detect small changes in single proton resonances. Since the denaturation is reversible and the system is in equilibrium, the histidine residues, and thus the C-2 protons, undergo chemical exchange between sites of different electromagnetic environment corresponding to various native and denatured states. t
The chemical shift behavior of all of the histidine C-2 proton peaks is consistent with a multistate denaturation mechanism. For His 119, in the region 10°-30°, a small decrease in chemical shift with no change in peak area is the result of a fast exchange process. Since the size of this change is small compared to that occurring on complete denaturation, this shift probably represents a small, localized change in environment. In the region 30°-40°, a larger decrease in chemical shift occurs that ends about 0.40 ppm from the shift of the denatured peak, due to a decrease in peak area to zero in this region. These facts imply that in this region at least two more processes must occur: another fast exchange process accounts for the more rapid change in t If a proton exchanges between sites A and B then the mean lifetime r is defined by r = TATB/(TA + TB) where TA is the lifetime in the A site and TB is the lifetime in the B site. A slow exchange on the NMR time scale is defined by r { 27r(PA -PB)) -' and a fast exchange is defined by << {27r(PA -PB)) - (8) .
The midpoint of the transition of the denatured peak in D20 is about 360, a value about 30 higher than that obtained by optical absorbance in H20 (10) . This fact is consistent with an optical rotation study of RNase A in H20 and D20 (31) , which showed that the thermal transition in D20 exhibited a similarly shaped curve with a transition temperature about 40 higher than that in H20 at pH 4.3.
Studies of single-proton resonances of proteins by NMR
have been shown to be a useful tool for the study of protein denaturation (23, 25, 26, 29, 32 
